Abstract: A new electronic system to realize time reversal (TR) of electromagnetic waves is proposed in this paper. By utilizing the dispersion compensation approach, the system mainly contains a chirped pulse generator, a wideband multiplier, and a chirped delay line (CDL). The TR transformation is achieved by dispersing the modulated chirped pulse through a single microwave CDL. The chirped electromagnetic band gap structure with a reflected group delay slope is fabricated and used to be the CDL. It has been demonstrated by experiments that TR of triangular-wave signals in the microwave regime can be obtained through the proposed system.
Introduction
Due to its distinct adaptive temporal and spatial focusing characteristic in complex multipath environment under special conditions, time reversal (TR) systems have the ability to focus in sub-wavelength scale in a far field zone [1] . Since the TR technique was introduced in microwave regime [2] , it has attracted great interest in the systems of wireless communication, target detection, and medical treatment [3] - [7] . The digital signal processing (DSP) technique is widely used in such systems, but it is not the preferred way to implement a waveform transformation of microwave signals with several gigahertz bandwidths due to the limitation of the sampling rate of analog-to-digital/ digital-to-analog (AD/DA) converters at present. Therefore, the existing DSP technique is not suitable for the realization of a wideband TR microwave system. The waveform transformation systems based on the analog signal processing technique do not need to discretize the continuous signal [8] , and then, they are no longer limited by the sampling rate of the AD/DA converters.
A variety of TR systems based on different analog signal processing techniques have been investigated [8] - [13] . The time-reversed signal can be obtained by using the dispersion compensation approach with the surface acoustic wave (SAW) [9] , [10] or optical dispersion devices [11] , [14] . In the microwave regime, the chirped electromagnetic band gap (CEBG) structures are reported to yield the quadratic phase response [15] , which is similar to the SAW chirped delay line (CDL) and the fiber Bragg grating. Thus, the CEBG structures can meet the requirement of the microwave analog signal system as the role of the SAW CDLs and fiber Bragg gratings in their respective systems. Recently, the proposed CEBG structures with the wideband property [15] have been adopted in time-magnification of microwave signals [12] based on the timelens theory [16] . By using the same method, TR of microwave signals is realized in hardwarein-the-loop simulation in our previous work [13] . However, it requires three or at least two CDLs and the input signals need to be dispersed before entering the time-lens [12] , [13] . This paper first presents a new electronic system based on dispersion compensation to achieve TR of electromagnetic waves experimentally. The input signals do not need to be dispersed in the beginning. The proposed system requires only one microwave CDL and is easy to design. Fig. 1 illustrates the diagram of the electronic system to obtain time-reversed signals by using a microwave CDL.
Basic Theory
To begin with, the amplitude of the carrier signal generated from the chirped pulse generator is modulated by the input signal r ðtÞ. The obtained signal aðt Þ is described as
where 1 is the sweep rate of the chirped pulse. For a microwave signal, the dimension of 1 is GHz/ns. After passing through the microwave CDL, aðt Þ turns to be a dispersed signal
where "*" denotes the convolution operation, and the parameter 2 is the group delay slope of the CDL. In order to facilitate the derivation, we set
By using the approximation of Dirac function [9] , [17] ðt Þ ¼ lim
Equation (2) can be simplified as [10] y ðt Þ %
where j 1 þ 2 j ) 1. Substituting (3) into (5), we have
and when 2 ¼ À2= 1
Compared with r ðt Þ, the envelope of y ðt Þ is time-reversed. Finally, the time-reversed signal r ðÀt Þ can be acquired by demodulation. It should be noted that the condition to realize TR in the proposed system is 2 ¼ À2= 1 .
From (4) and (5), it can be seen that when j 1 þ 2 j is much larger, the result of y ðt Þ is more precise. According to the TR condition, 2 ¼ 1= 2 ¼ À0:5 1 , then j 1 þ 2 j ¼ 0:5j 1 j. Thus, a much larger value for j 1 j is required, and it is hoped that it will be ideally infinite. In addition, there is a lower boundary for j 1 j. In order to acquire (5), the spectrum bandwidth ! of the input signal should be considered. In [18] , an integral result shown in (7) is quite similar with (5) in this paper. It is obtained under the condition of the adequately narrow bandwidth of the input signal. Therefore, the boundary of (6) in [18] can be also used for reference here, which is
where the unit for ! is HzÁrad, corresponding to the angular frequency.
Numerical Simulations
The aforementioned TR process is simulated numerically according to (2) . In the simulation, r ðt Þ is a triangular-wave signal with the time duration of 6 ns and amplitude of 6 V. The 3 dB spectrum bandwidth of the input signal is nearly 0.07 GHz. From (8), we can obtain j 1 j ) 0:003 GHz/ns. To satisfy this condition, the sweep rate 1 is set as 0.5 GHz/ns which is equal to 0:5 Â 10 18 Hz/s in the standard unit. So it is a very large value for 1 to be infinite. The group delay slope 2 ¼ À2= 1 ¼ À4 ns/GHz. The signals in the TR process are shown in Fig. 2 . It can be seen from the simulated results that, compared with r ðt Þ in Fig. 2(a) , the envelope of y ðt Þ in Fig. 2(d) is time-reversed. It should be noticed that the negative data, whose envelope is symmetric to that of the positive data about the time-coordinate, are shown neither in Fig. 2 (c) nor in Fig. 2(d) . Considering that the sign of the input signal is positive, here only the positive data of the output signal are kept to be compared to the input one more conveniently.
Furthermore, it can be observed from the approximation in (4) that when j 1 j becomes large, the quality of the output time-reversed signal will be improved [9] , [10] . For comparison, we change 1 to be a larger value of 180 GHz/ns and simulate the system again. Fig. 3 presents the new simulated result, which is better than that in Fig. 2(d) . It is obvious that the ripples in the waveform have been reduced.
When the same approach is applied to the optical domain, the chirped pulse generator, the wideband multiplier and the CDL in Fig. 1 should be replaced by a chirped optical laser source, a wideband photonic modulator and a chirped fiber Bragg gating (FBG), respectively. At this time, the condition to realize TR is still 2 ¼ À2= 1 and the sweep rate 1 of the chirped optical laser source also are in accordance with the criterion shown in (8) . Because the chirped laser is taken as the carrier, the sweep rate 1 can be much larger than that of the original chirped pulse.
When the input signal is not changed and is sent into the new system in the optical domain, it can be inferred by the above analysis that the time-reversed result will be improved. However, the cost and the complexity of the system will increase accordingly. Considering these, we still choose the approach in the electrical domain to realize TR of electromagnetic waves.
Chirped Delay Line Design
The CEBG structure [15] , which has a linear group delay response and is similar to the chirped fiber Bragg gratings in optical field, is selected as the microwave CDL in the proposed system. For a CEBG structure extending from z ¼ ÀL=2 to z ¼ L=2, the design formula is [15] 
where Z 0 ðzÞ is the characteristic impedance of the microstrip, and W ðzÞ corresponds to a Gaussian function written as
In (9), the parameter C is the chirped coefficient, and a 0 is the central period of the structure. The parameters a 0 , L, and C can be determined according to [15] . Fig . 4 depicts the picture of the fabricated microwave CDL. The entire structure is built on a 170 Â 70 Â 1 mm 3 substrate with a relative dielectric constant " r ¼ 10:2. The parameters a 0 , L, and C are calculated as 0.8 cm, 33 cm, and j2100, respectively. The bottom of the substrate is a metal ground. The S11 and reflected group delay curves are shown in Fig. 5 . It can be observed that the CDL has a linear group-delay slope of j0.8 ns/GHz from 3 to 9 GHz. As the fabricated CDL works at a reflection mode, a directional coupler should be paired with it for signal input and output.
Experimental Results
The system with the microwave CDL displayed in Fig. 4 is constructed and tested in experiments. The generation scheme of the chirped pulse is important to the experimental results. Different from the passive scheme proposed in [12] , an active scheme to produce the chirped pulse is employed. As shown in Fig. 6 , the chirped pulse with a frequency range of 2 to 9.5 GHz and a sweep rate of 2.5 GHz/ns is generated by an arbitrary waveform generator AWG7122B (Tektronix) with a sampling rate of 24 GS/s. Compared with the passive scheme, the active one has the advantage of high accuracy and the obtained chirped pulse has a very flat envelope.
Two experiments with different test signals are done in this paper. As illustrated in Fig. 7(a) , a triangular-wave with the time duration of 2 ns is selected as the first test signal. The generated chirped pulse presented in Fig. 6 , whose sweep rate satisfies (8) , is first amplified by a lownoise amplifier in order to drive the multiplier. Then the envelope of the chirped pulse is modulated by the test signal through an analog multiplier T3-10 from Marki. After the modulation, the chirped pulse is sent into the microwave CDL for dispersing. The dispersed signal is sampled and analyzed by a digital serial analyzer DSA72004B (Tektronix).
The normalized waveform of the dispersed signal is exhibited in Fig. 7(b) . Compared with the test signal shown in Fig. 7(a) , the envelope of the dispersed signal is time-reversed. A wideband envelope detector with a frequency range of 2 to 10 GHz working at positive detection is used as the demodulator at the last step of the experiment. Finally, the time-reversed signal revealed in Fig. 7(c) is obtained. For comparison, the simulated result with the same parameters used in the experiment is also presented in the figure.
Another triangular-wave with the time duration of 2 ns presented in Fig. 8(a) is selected as the second test signal. Different from the first test signal, it has a steep rising edge. Fig. 8(b) displays the finally-obtained signal with a steep trailing edge, which is the time-reversed form of the input signal depicted in Fig. 8(a) . It can be observed from Figs. 7(c) and 8(b) that the measured results agree with the simulated ones. These two experiments verify that it is feasible to achieve TR of electromagnetic waves via the proposed system.
Conclusion
A novel electronic system to obtain the time-reversed electromagnetic waves is reported in this paper. The TR transformation is realized by dispersing the modulated chirped pulse through a microwave CDL. A CEBG structure with a group-delay slope of j0.8 ns/GHz is fabricated and used as the CDL. According to the condition to achieve the waveform inversion, a chirped pulse with a sweep rate of 2.5 GHz/ns is actively generated and adopted as the carrier signal. The time-reversed signals of two triangular-waves with the time duration under 2 ns are, respectively, implemented in the experiments. Our current research mainly focuses on the preliminary realization of TR for electromagnetic waves with the time duration of several nanoseconds. Further research will concern the TR realization in the optical domain for microwave signals which extend over more than several nanoseconds.
